A gluphilic scalar dark matter (GSDM) model has recently been proposed as an interesting vision for WIMP dark matter communicating dominantly with the Standard Model via gluons. We discuss the collider signature of a hard jet recoiling against missing momentum ("mono-jet") in such a construction, whose leading contribution is at one-loop. We compare the full one-loop computation with an effective field theory (EFT) treatment, and find (as expected) that EFT does not accurately describe regions of parameter space where mass of the colored mediator particles are comparable to the experimental cuts on the missing energy. We determine bounds (for several choices of SU (3) representation of the mediator) from the √ s = 8 TeV data, and show the expected reach of the √ s = 13 TeV LHC and a future 100 TeV pp collider to constrain or discover GSDM models.
I. INTRODUCTION
An overwhelming body of evidence from astrophysical observations points toward a large, invisible component of the matter content of the universe, usually termed dark matter (DM). Any candidate for DM has to be stable over the lifetime of the universe, requiring either extremely small couplings with the Standard Model (SM) particles, or the presence of additional symmetries forbidding its decay. If the DM has sufficiently strong coupling to SM particles, it can be probed at high energy hadron colliders, where it typically escapes from the detectors and thus appears as an imbalance in the visible momentum. Not surprisingly, "missing transverse energy" (MET, or E T ) channels are an important part of the physics menu at the Large Hadron Collider (LHC) [1] .
In many models of dark matter, including some of the more popular theories such as supersymmetric extensions of the SM, the processes giving rise to MET occur at tree level. Such processes include production of one or more mediator particles which decay into dark matter and/or visible radiation. In the limit in which the mediator particles are heavy, all theories flow into a universal effective field theory (EFT) consisting of non-renormalizable interactions between the dark matter and the SM [2] [3] [4] [5] [6] [7] . When the mediator particles are light, and must be explicitly included in the description, these are supplanted by simplified models (see e.g. [8, 9] ).
However, another interesting class of theories has the dark matter communicating with the SM primarily through loop processes. This further opens new portals of interaction, such as communication with SM gluons, whose tree level interactions are strongly constrained by gauge invariance.The particle in the loop may be an SM particle, for example see [10] , or a BSM particle. In [11] , such a model was explored in which the dark matter (χ) is a scalar particle whose primary renormalizable interaction is through a quartic interaction with an exotic colored scalar (φ), leading to a one-loop coupling of two dark matter particles to gluons (see also Ref. [12] for related discussion). While simple, such a construction leads to novel features. For example, the Z 2 symmetry posited to insure that χ is stable need not act on the φ, which can decay into hadronic jets. Such particles can look somewhat like the squarks of an R-parity violating supersymmetric model (despite the current framework being a model of dark matter), and are rather weakly constrained by LHC searches for resonant structure in dijet and 4-jet final states [13] [14] [15] [16] [17] (see [11] for detailed discussion). However, it is the mono-jet process, in which a pair of dark matter recoils against a hadronic jet, which directly probes the DM and its coupling to the SM. Such a theory is a natural theoretical laboratory to explore the features of a construction in which the dark matter couples to gluons through loops.
Ref. [11] confined its discussion of the mono-jet signal to the limit of heavy mediators, in which the loop diagram matches on to the operator C5 in the EFT [7] . In the current work, we extend this result to the case of lighter mediators by performing the full one-loop calculation of the mono-jet process, valid for all mediator masses. Our primary aim is to understand the current and future limits from the LHC and a future 100 TeV pp collider (such as the proposed future circular collider (FCC)) on this interesting theory of dark matter, but as a by-product we also examine the systematics of how the full theory transitions into the EFT description in the heavy mass limit.
This article is organized as follows. In section II, we review the most important features of the gluphilic scalar dark matter (GSDM) model, and its mapping into the EFT language at large mediator masses. In section III, we detail the loop calculation for the mono-jet process, discuss the role of gg, gq, andinitial states, and compare the results derived from the EFT limit. In section IV, we show the bounds interpreted from curarXiv:1605.04756v2 [hep-ph] 3 Jul 2017 rent LHC 8 TeV, run-II data and the projected monojet cross-sections along with the expected leading order backgrounds at the LHC Run II (13 TeV) and the FCC (100 TeV). In section V, we conclude with some outlook.
II. GDSM MODEL AND MAPPING TO EFT
The basic module for a scalar dark matter (taken to be complex here, though the generalization to a real scalar is trivial) coupling to a colored scalar φ consists of renormalizable interactions:
where H is the SM Higgs doublet. The quartic λ sh implements DM coupling to the SM Higgs, and is known as the Higgs portal [18] . It leads to interesting predictions for Higgs physics which generically rule out regions of the parameter space consistent with the dark matter being a thermal relic [19] . We assume this coupling is small enough to provide subdominant effects in our analyses below. In that limit, the parameters are the coupling λ d , the masses of φ and χ, and the choice of SU(3) C representation r of φ. Generically it is desirable to include couplings between the mediators and the SM quarks so that they can decay. Such couplings depend on r, and are thus more model-dependent. We will assume that they are small enough so as to play little role in dark matter production at colliders.
When m φ is large compared to the energies of interest, φ can be integrated out, leaving behind the nonrenormalizable contact interaction C5:
where G a µν is the gluon field strength and T r is the Casimir corresponding to the choice of the representation of φ under SU(3). In [11] , the bound on this operator from the CMS mono-jet analysis with E T > 500 GeV [20] was derived to be,
Due to the large cut on E T , the EFT description is only expected to be a good approximation when m φ TeV. Thus, the bound really only applies self-consistently for very large λ d and/or T r . A meaningful estimation of the bound really requires the full calculation in the simplified model framework.
III. ONE-LOOP MONO-JET RATES
The mono-jet process, pp → jχχ * , receives contributions at the parton level from processes:
where q denotes any light quark, q = u, d, s, c. The oneloop φ-mediated diagrams contributing to gg channel are box, triangle and bubble type, while those contributing toand gq subprocesses are triangle and bubble type.
Representative one-loop Feynman diagrams for all three initial states are shown in Figure 1 . Due to the charge conjugation symmetry, the triangle diagram with ggφ † φ coupling does not contribute in gg subprocess, and so is not displayed in the Figure 1 .
A.
Method of Calculation
We evaluate the cross section for pp → jχχ * using three different techniques:
1. In the first method we compute the one-loop amplitude for each subprocess using an in-house code based on the tensor reduction method suggested by Oldenbourgh and Vermaseren (OV) [21, 22] with dimensional regularization (d = 4 − 2 ). We implement the reduction routines in Fortran, and evaluate all of the required scalar integrals using the OneLOop library [23] . The reduction routines are interfaced with RAMBO [24] , a Monte Carlo multiparticle phase space generator, to compute crosssections and desired kinematic distributions. We have ensured the internal consistency of the calculation by checking the ultraviolet finiteness of the one-loop amplitudes and their gauge invariance with respect to the external gluons and currents.
2. To cross check, we calculate the same amplitudes using publicly available standard packages. We use FeynRules [25] to process an implementation of the GDSM Lagrangian, and pass the output to the FeynArts package [26] . We generate the relevant diagrams and corresponding amplitudes in FeynArts and use FormCalc [27] to perform the PassarinoVeltman ( PV) reduction [28] and use the LoopTools library [29] to evaluate scalar integrals numerically. We find that for a given phase space point the one-loop amplitudes computed using the two methods are in excellent agreement.
3. We also compute the monojet cross section utilizing Madgraph (MG5) [30] , whose recently added NLOCT [31] framework can handle loop calculations. The advantage of using this framework is that many other possible signatures of the model can be studied in an automated way. Moreover, jet matching, parton showering, and detector simulations can also be relatively easily included, if desired. In the results obtained here, we found that with small p T cuts, the MG5 produced crosssections are consistent with those obtained using above methods to within ∼ 1%. However, at large p T the MG5 generated cross sections are subject to large Monte Carlo fluctuations and the method requires generation of a very large number of simulated events to arrive at a stable answer. For this reason, we employ the results obtained using the in-house code in the first method listed above in the remainder of this work.
In Figure 2 , we show the differential cross section with respect to the jet transverse momentum, p j T . At the parton level at leading order, this quantity is the same as E T . We examine the relative importance of the subprocesses for a sample parameter point with λ d = 1, a single species of mediator with r = 3, and a small dark matter mass 1 m χ = 1 GeV. We examine two choices 2 of m φ = 10
1 We choose a small dark matter mass mχ = 1 GeV as an illusand 100 GeV. We use the CTEQ6L1 parton distribution functions (PDFs) [33] and set the renormalization and factorization scales to µ = Q = H T . We observe that due a large gluon flux the gg initial state dominates for smaller values of p j T . Note that for a given final state, the gq flux dominates the gg flux at sufficiently large p T scales. We also observe that at a higher m φ value the gq channel takes over the gg channel at relatively smaller p j T scale. On the other hand, thecontribution remains small throughout due to the s-channel propagator suppression.
B. Comparison with EFT
In the limit m φ → ∞, the full result is expected to flow to the one derived from the EFT, Eq. (2). In Figures 3a and 3b , we show the ratio of the full result to trative choice. Results are typically insensitive to this particular choice for masses much less than the cut on the mono-jet p T . 2 Technically, m φ = 10 GeV is excluded by cosmological considerations and the running of α S [32] . Nonetheless, it illustrates the behavior for very low m φ and is useful as a benchmark. the EFT approximation for the sample parameter point defined above, as a function of m φ , for √ s = 8 TeV and √ s = 13 TeV, respectively. As expected, at small energy scales the EFT approximation over-estimates the cross section by a factor which scales as m −4 φ . It is interesting to note that the cross section calculated with loops becomes equal to that calculated in the EFT when the mediator mass is close to half the value of cut on jet transverse momentum (m φ ∼ p j T /2). At scales comparable with the p j T cut, EFT under estimates the cross section by up to a factor of two. With a large cut on transverse missing energy, the contributions from the resonant part of the p T distribution in the case of a light scalar are removed and only the large p T region survives. In this region, EFT and full cross sections are comparable and are both small. In the asymptotic limit of large m φ , we find that the EFT typically under-estimates the cross section by about 5% at 8 TeV and by about 15% at 13 TeV. Also, the merging of the three lines representing different p j T cuts is faster at 8 TeV than at 13 TeV. The fact that at 13 TeV the EFT under-estimates the cross section more than at 8 TeV is expected because at 13 TeV larger p j T events are also accessible. This also suggests that for the higher energy runs of the future pp collider, use of exact calculation would be preferable for this model. 
IV. CONSTRAINTS AND FUTURE PROSPECTS
Next, we examine the minimal bounds from collider searches on the parameter space of a generic GSDM model. To this end, we begin with the bounds coming from dijet process and then perform a detailed analysis of the dark matter searches in the missing energy channel.
Production of a pair of jets is the most common process at the LHC. Strong constraints are obtained on a colored scalar interacting at the tree level with quarks [34, 35] . However, in the absence of couplings with the quarks, a colored scalar still contributes to this process albeit at one-loop level. This process is particularly im- portant for BSM strongly interacting mediators as the only BSM parameters involved are the mass of the particle and its SU (3) C representation r. We use the framework described in the third technique in section III A and calculate the SM and BSM diagrams at next-to-leading order in α s .
The NLO fixed order analysis of full dijet calculation in GSDM (pp → jj) using MadGraph5 aMC@NLO indicates that an overall contribution of φ loops to the cross section is very small and negative. Using the cuts corresponding to the ATLAS dijet search [34] , we find that the effects are of the order of 0.2% and 1.4% for the color triplet and color octet cases respectively for a very light mediator mass, m φ ( 1GeV). The corresponding effects with CMS cuts [35] are at the level of 1% and 6.7% respectively. Therefore, any meaningful constraints on m φ from the available dijet data is expected only for very large dimensional color representations. A more detailed investigation of the calculation is ongoing and will be reported in a future work [36] .
In the remainder of this study, we focus on the monojet search as the observable most intimately connected to the dark matter itself, and also the most modelindependent probe available. Searches for the mediators based on their production and decay into jets are rather model-dependent. For example, the minimally flavor violating (MFV) color triplet scalar analyzed in Ref. [11] must have m φ3 ≥ 350 GeV to satisfy 4-jet searches [16] , with only mild dependence on its coupling to quarks, whereas a color octet scalar receives much stronger bounds of m φ8 ≥ 3.1 TeV from searches for resonances in dijet production [15] .
A. Constraints from 8 TeV
We explore the range of parameter space probed by the run I search for mono-jets [20, 37] . These bounds are presented as a 95% C.L. upper bound on the cross section for any beyond-the-SM contribution to the monojet signature (σ j+MET ) as a function of the cut on p j T , and the experimental results are summarized in the first and second row of Table I . The pseudo-rapidity of the leading jet is further required to satisfy |η j | < 2.4 in the experimental analysis of CMS and |η j | < 2.0 for ATLAS. We apply the experimental selection to our full calculation of the mono-jet cross section, continuing to examine the case of λ d = 1 and light dark matter, m χ = 1 GeV. We choose three representative p j T cuts from the CMS analysis, and show the resulting cross section after cuts in Figure 4 , for two choices of mediator representation, r = 3 and r = 15. Also shown are the corresponding limits on the cross section for the respective choice of p j T cut. Comparing the two, we find that the color triplet mediator is completely unconstrained by the current mono-jet bounds, whereas the r = 15 representation is subject to very mild bounds of order m φ 158 GeV, obtained from the ATLAS run-I data with a p j T ≥ 350 GeV.
B. Constraints from 13 TeV
In Figures 5a and 5b , we show the mono-jet cross section at LHC run-II as a function of m φ , for λ d = 1, and m χ = 1 GeV with r = 3 and r = 15, respectively, for a few representative choices of the p j T cuts from the ATLAS run-II analysis [38] . The limits obtained on the value of m φ from the run-II analysis with 3.2 fb −1 of data are weaker than the corresponding run-I results.
C. Future Prospects
We examine the prospects for future colliders to probe the parameter space of GSDM through searches for the mono-jet process. To assess the reach of these colliders to discover GSDM for different values of m φ , we compute the primary (irreducible) SM background to the monojet process from Z + j production, where the Z boson decays into neutrinos. We compute this background at leading order for the 13 TeV LHC and for the proposed 100 TeV FCC using Madgraph, subject to the cuts on the mono-jet: |η j | < 2.4, and a modest cut of p j T > 200 GeV. We assume that, as was true for the LHC run I analysis, the real background from Z + j dominates over the fake contribution from mis-measured QCD jets. In Figures 6a and 6b we present the significance, defined as S/ √ S + B S/ √ B as a function of the integrated luminosity at each accelerator.
We find that with 3 ab −1 of luminosity, the 13 TeV LHC can discover (at 5σ) evidence for a color octet mediator whose mass is slightly above 200 GeV. A 15 of color reaches 5σ discovery for masses around 500 GeV. Obviously, a much larger range of parameter space can be explored for higher dimensional representations, even with lower luminosities. At the FCC, the reach for a color triplet scalar in the mono-jet channel reaches the level of discovery for masses up to m φ ∼ 200 GeV. A much larger range of parameter space can be explored for higher dimensional representations: for r = 15, masses up to 1.7 TeV can be probed with 3 ab −1 .
V. SUMMARY
A scalar gauge singlet dark matter particle allows for the possibility of a renormalizable connection to the SM via a quartic interaction with a scalar particle which is itself charged under the Standard Model. If this scalar is colored, the result is a loop level connection predominantly to the SM gluons, resulting in phenomenology at a hadron collider with unique features. In this article, we have computed the full one-loop contribution to the mono-jet process (focused on the regime of light dark matter, m χ ∼ 1 GeV) at the LHC and a proposed 100 TeV accelerator. The full one-loop treatment is crucial to probe the regime of light mediator masses and asses the viable parameter space, where the EFT treatment does not apply. We find that low dimensional SU(3) representation mediator is very difficult to probe at the LHC; even with large datasets the bounds are not competitive with the generic ones from LEP II. However, larger representations can be discovered up to masses of several hundred GeV with large data sets. A future 100 TeV collider can probe a much larger parameter space, reaching TeV scale masses. 
